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Abstract 
A nine-month study of four relocatable school buildings, each retro-fitted with small reverse 
cycle air conditioners (ACs), was conducted to investigate their effectiveness in heating and 
cooling the classrooms. A comparison with data from previous studies found the energy used 
by the ACs for heating these temporary classrooms was only 19-20% of the energy used by 
individual gas heaters installed in permanent classrooms. When equipment efficiencies were 
considered, the AC units supplied 20-27% less energy to heat the classrooms. The possible 
reasons for this reduction in supplied energy are explored in this paper. CO2 emissions for the 
AC units in heating mode, however, were calculated to be 16% greater than for individual gas 
heaters. The AC units were also used for cooling and on average the total annual energy 
consumption for heating and cooling was found to be 11.6 kWh m-2. Responses to a small 
survey of staff and students about the use and operation of the conditioners are presented. 
Their responses were more favourable than the predictions of comfort levels in the 
classrooms using the PMV-PPD model, which indicated "uncomfortable" conditions on 
average summer days at 3pm and average winter days at 10am. Background noise levels in 
the classrooms with the air conditioners in use were above the recommended maximum 
design level of 45 dB(A); levels of up to 65 dB(A) were measured. 
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Introduction 
Relocatable buildings ("relocatables"1) are increasingly used in schools due to fluctuating 
populations, the speed and ease with which they can be erected, and because they are cheaper 
than the permanent alternative. In Victoria, a southern state of Australia, an estimated 6400 
relocatables are used in government and privately owned schools [1]. These “temporary” 
buildings are becoming permanent fixtures at many schools.The general perception is 
relocatables are thermally uncomfortable, especially in hot weather. Cooling equipment is not 
installed in schools in Melbourne, despite the fact the school year in this country begins in 
February, which is one of the hottest months of the year. Due to our climate (see Table 1), 
heating is also required in winter and natural gas space heating systems have been 
traditionally used. 
 
A nine month study (April-December) was commissioned by the Department of Education, 
Employment and Training (DEET) in 1999 to investigate the effectiveness of using reverse 
cycle air conditioners for both heating and cooling in all their relocatables to improve the 
teaching conditions. Four relocatables, currently in use at four primary schools, were studied 
to provide factual evidence to assist the Department in making appropriate recommendations 
to solve the comfort problems experienced in this type of building. This paper presents the 
findings. These include the annual energy used by this form of conditioning, comfort levels in 
the classrooms in terms of temperature and relative humidity, noise levels due to air 
conditioner operation, and user satisfaction from a survey of teachers and students.  
 
 
                                                          
1 In this paper, the word "relocatable" means a transportable building with two classrooms separated by two 
smaller ancillary rooms (see Section 2 for detailed description). 
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Parameter Annual 
Mean 
Summer 
Mean 
Summer 
Mean 
Max 
Winter 
Mean 
Winter 
Mean 
Min 
Solar radiation (MJ/m2/d) 15.7 20.2 n.a. 7.0 n.a. 
Sunshine hours 5.7 7.4 n.a. 3.9 n.a. 
Dry bulb temperature (0C) 14.7 19.2 25.0 10.1 6.2 
Relative humidity @ 9 am (%) 69 62 75 80 71 
Wind speed (m/s) 3.6 3.6 n.a. 3.6 n.a. 
 
Table 1 Melbourne climatic data 
(n.a.- indicates data not available) 
 
 
Description of Typical Relocatable 
Several companies manufacture relocatables, but the typical relocatable used in Victorian 
schools and the focus of this research is shown in Figure 1. Each unit comprises of two 
identical classrooms, located either side of two smaller rooms, which are usually used as a 
staff office and storeroom. They are used singly or more often in groups, abutting each other 
on the shorter non-glazed walls. Although there are several models, the four chosen for this 
study can be considered to be identical.  
 4
 
Figure 1 Typical "relocatable" school building viewed from South 
 
A schematic plan view of one of these units shows the relative position of the rooms, doors, 
windows and overhangs, in addition to overall dimensions (Figure 2). 
 
The key parameters influencing the thermal behaviour of the units are given below: 
 Floor areas: classroom = 58.8 m2; office = 14.3 m2; storeroom = 14.3 m2 
 Room height = 2.7 m 
 Window type: single pane, 6 mm 
 Window area and % of wall: north wall = 24.6 m2 (51%); south wall = 24.8 m2 (51%) 
 External wall materials: 10 mm 'masonite'2 sheet + R2.5 insulation + 'sisalation'3 + 75 mm 
steel frame + metal decking 
 Roof materials: 6 mm cement sheet + R4.0 insulation + 'sisalation' + air gap + metal 
decking 
 Floor materials: carpet and/or vinyl +  19 mm timber flooring  + 150 mm steel purlins 
                                                          
2 'masonite' is a smooth faced high density composite timber board. 
3 'sisalation' is a waterproof paper membrane with a reflective foil surface. 
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 Internal wall materials: 10 mm 'masonite' sheet + 50 mm steel frame wall + 10 mm 
'masonite' sheet 
 Overhang (north and south walls): 750 mm 
  
 
Figure 2 Plan view of typical relocatable 
(dimensions in millimetres) 
 
The primary schools (Sydenham, Roxburgh, Great Ryrie and Hallam Valley) were nominated 
by DEET. Geographically, they all lie within a 40 km radius of the central business district of 
Melbourne. Although metropolitan Melbourne officially covers an area of nearly 9000 km2 
and on a daily basis suburbs can experience some differences in weather, in this study we 
assumed the relocatables experienced a similar climate, typical values of which are given in 
Table 1. Although all the relocatables are of identical construction, there are some other site 
and locational differences that may influence their thermal performance (Table 2). 
 
 6
 
Parameter Sydenham Roxburgh Ryrie Hallam Valley 
Orientation 
of long axis 
East-West East-West 150 off East-
West 
(anti-clockwise) 
150 off East-West 
(anti-clockwise) 
Shading One small 
tree on North 
side 
North facing 
windows fully 
obscured by other 
buildings 
Some trees on 
NE and NW 
corners 
none 
 
Table 2 Shading and orientation differences of relocatables 
 
Equipment 
Each relocatable consists of two classrooms and therefore a total of eight reverse cycle air 
conditioners were installed and evaluated. In all, five different brands and types (integrated or 
split) of conditioner in the 1.5-1.9 kW (2-2.5 HP) range were installed.  
 
Instrumentation and Measurements 
A variety of instrumentation was used to collect the data for this evaluation. Data of interest 
included various temperatures, indoor and outdoor relative humidity, noise levels and 
electricity usage. Qualitative indications of thermal comfort, dust and noise levels, and ease 
of operation were gathered by surveying the teachers, who used the classrooms. Details of the 
individual parameters measured and the equipment used are given below. 
 
Temperatures 
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Dry and wet bulb air temperatures were measured in each classroom at 1.2m, approximately 
seated head height, with calibrated thermocouples (KK Type, TEW&C, New Jersey, U.S.A.). 
The manufacturer’s quoted tolerance limit for this type of thermocouple is +1.10C or 0.4%, 
whichever is greater. To determine the wet bulb temperature, one of each pair of 
thermocouples was wrapped in a wick and kept moist by a continuous supply of water from a 
small flask. Relative humidity levels inside each classroom were calculated from the dry and 
wet bulb temperature measurements.  
 
Electricity Usage 
Standard utility metering installed in schools, as is most commercial premises, covers the 
whole premises, rather than individual classrooms. An alternative method was therefore 
required to determine the actual consumption of each air conditioning unit in the relocatables 
under investigation. Clamp meters (Model 126/33SL, 50A:700 mV, Transcap Pty Ltd, 
Sydney, Australia) were installed on the mains cable close to the air conditioner. Prior to their 
installation these meters were calibrated and the calibration factor for each unit was then 
combined in the logging program with the output signal from the respective clamp meter to 
determine the actual current drawn by each unit at any one time. Periodic checking of the 
calibration factors also occurred on-site throughout the study. Assuming a constant supply 
voltage, the energy usage (kWh) was determined from the product of the magnitude and the 
duration of the demand. 
Data Logging 
Each of the relocatables had a dedicated data logger (CR10X, Campbell Scientific, Utah, 
U.S.A) installed to record the output from the above transducers. These units were 
programmed to sample approximately 20 times per second in order to measure effectively the 
Root Mean Square (RMS) value of the current flowing to the air conditioners when they were 
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operating. These values were then averaged over a 15-minute period and stored. A site visit 
was made approximately every two weeks to download the data and transfer them to a 
spreadsheet program. 
 
Noise Levels 
Acoustic measurements were taken at each of the four schools using a hand-held sound level 
meter (2260 Investigator, Bruel and Kjaer Naerum, Denmark). The background noise level 
was measured at a distance of 1-1.5 m away from the operating air conditioner in one of the 
occupied classrooms in each of the relocatables. Students were asked to remain silent for one 
minute while the readings were recorded. This allowed the occupied room with air 
conditioner background noise level to be determined. The meter automatically calculates the 
A-weighted (LA) and linear (LL) sound levels at various octave band frequencies. 
 
Results 
Usage Pattern 
An initial analysis of the energy consumption data generated by the clamp meters indicated 
energy usage was significantly lower than expected. Having eliminated systematic errors in 
the measurements or calculations, the energy use pattern was investigated.  This analysis of 
the daily electricity consumption in each of the eight classrooms revealed there were three 
different types of day. 
i) On a "No Power" day, no energy use was measured. This does not necessarily mean 
the room was unoccupied. A "No Power" day would also occur if the teacher 
considered temperatures in the room to be comfortable and therefore the air 
conditioner was not used. For the purposes of our analysis, any day when energy 
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usage was less than 1 kWh, i.e. less than 30 minutes usage, was recorded as a "N" 
day. 
 
ii) On a "Partial Power" day, some electricity usage was recorded, but not continuously 
during the school hours. A "Partial Power" day does not necessarily mean the 
classroom was only partially occupied on the day. On some days in spring and 
autumn the air conditioning was required in the morning for heating but was not 
required later in the day as the outside temperatures increased. Likewise, cooling on 
some days in summer may have only been required in the afternoon. For the purposes 
of our analysis, if energy usage was greater than 1 kWh but less than 10 kWh, then 
this day was recorded as a "P" day. 
 
iii) On a "Full Power" day, the air conditioning unit was operated for most of the hours in 
a school day. For the purposes of our analysis, if energy usage was greater than 10 
kWh, i.e. used for approximately 4 hours or 73% of the school day, then this day was 
recorded as an "F" day. 
 
Using the above definitions, an inspection of the data collected from each classroom revealed 
the following air conditioner (AC) usage pattern - measured as a percentage of total number 
of school days in the year (Table 3). On average, the AC units were only in full use on 8% of 
the total school days. For 35% of the days in the school year, no air conditioning was 
required. On 57% of the school days, the air conditioning units were only in use for a part of 
the day, either because the conditions in the room were comfortable or because the room was 
unoccupied. 
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Roxburgh Sydenham Ryrie Hallam 
Day 
Type 
Room 
A 
Room 
B 
Room 
A 
Room 
B 
Room 
A 
Room 
B 
Room 
A# 
Room 
B 
Mean 
 
"N" 18 19 32 44 51 31 40 44 35 
"P" 72 64 60 48 46 58 60 53 57 
"F" 10 17 8 8 3 11 0 3 8 
 
Table 3 Air conditioner usage (% of total school days) between April and December in 
eight classrooms in four relocatables  
# April-July 1999 only 
 
Annual Energy Consumption 
Because monitoring began at the start of April, no data were available for 45 school days at 
the start of the year. This period represented 23% of the school year. In the remaining 
months, a small amount of data (3%) was unavailable because of equipment or human failure. 
To produce an estimate of annual energy use, energy consumption data for the missing days 
and months were predicted. The occasional missing days in any month were accounted for on 
a simple pro-rata basis using the days of that month when data measurements were available. 
Estimates of energy consumption during the two missing months, however, required a more 
complex approach based on the energy consumption and usage pattern during the remainder 
of the year.  
 
The days when energy consumption exceeded 10 kWh for each relocatable were identified 
and then correlated against the maximum ambient temperature for that day. This variable was 
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chosen because the air conditioner use, either for heating or cooling, will be between 8am and 
3.30pm, when the maximum daily temperature is likely to occur.  In addition, the air 
temperature in a lightweight building with high solar gain and low natural ventilation rate 
such as a relocatable will respond quickly to any changes in the external climate. The results 
of this analysis are shown in Figure 3. The R2 values vary from 0.1 to 0.6, indicating in 
general the expected trend of increasing energy use as the daily maximum temperature falls 
or rises either side of approximately 200C. 
 
The correlations for each relocatable were then used to predict the energy on the missing 
school days in January (3 days), February (20 days) and March (22 days) using the daily 
maximum temperatures on those days in 1999. These daily figures were then summed for 
each school and then multiplied by the fraction of the year when full use could be expected, 
as shown in Table 3. The ratio of energy use of "Full" and "Partial Power" days for the whole 
year for each school was then used to produce an estimate of the energy use for the missing 
month. The monthly figures were then summed for each of the eight classrooms and the final 
estimates of annual energy consumption for each classroom are given in Table 4. 
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Figure 3 Correlations of Energy Use with Maximum Ambient Temperature 
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School 
Measured 
Energy Use 
(kWh) 
Estimated 
Annual Use 
(kWh)* 
Estimated Annual 
Use per unit Floor 
Area (kWh m-2) 
Sydenham Room A 546 713 11.7 
Sydenham Room B 492 645 10.6 
Roxburgh Room A 721 978 16.0 
Roxburgh Room B 896 1191 19.5 
Ryrie Room A 346 419 6.9 
Ryrie Room B 597 672 11.0 
Hallam Room A 498** 531 8.7 
Hallam Room B 479 512 8.4 
Averages 572 708 11.6 
 
Table 4  Energy consumption for heating and cooling 8 classrooms in 4 relocatables 
 
*   - includes estimates of missing days and usage outside of school hours 
**  - includes 916 MJ of energy for natural gas heating from August onwards 
 
Comfort Levels 
An improvement in the level of thermal comfort of the students and teacher was the primary 
reason for installing the air conditioners. An indication of the comfort levels experienced 
during summer and winter conditions was determined using a commercially available thermal 
comfort prediction tool prepared for ASHRAE [2].  
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The tool contains eight thermal comfort models and calculates a number of indicators of 
thermal comfort. In this study, the "PMV-PPD" model was chosen to evaluate the conditions 
in the relocatables because its indicators are widely used and easily understood. The PMV 
(Predicted Mean Vote) index represents the sensation of a large population to a particular 
thermal environment. A PMV value within the range of -0.5 and +0.5 is within the ISO 
(International Standards Organisation) comfort zone. The PPD (Predicted Percentage of 
Dissatisfaction) indicates the number of individuals likely to be unhappy with the conditions. 
This value never drops below 5% because of the assumption that there will always be a 
certain level of dissatisfaction, even if the PMV index is zero. 
 
To use this tool, some assumptions were made because more input data was required than 
was measured in the classrooms. Since the classrooms were adjacent to the external 
environment on two sides, both dominated by windows, the mean radiant temperature (MRT) 
was assumed to be 1.50C lower and higher than the classroom air temperature in winter and 
summer, respectively.  In winter, the indoor surfaces in a well designed building following 
current energy codes should be no more than 2.80C below the indoor air temperature [3].  
Assuming a smaller value than this should theoretically produce more favourable results in 
both summer and winter. 
 
The air velocity in the classrooms was assumed to be low, i.e. 0.1 m s-1, since the AC units 
were mounted well above the seated level and no student would have experienced the outlet 
air from the conditioning unit directly. Although there may have been some convective air 
movement close to the windows due to temperature differences, this was assumed not to 
impact the students since their seats were generally located away from the edges of the 
rooms.  
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The students were assumed to be seated most of the time. Like the teacher, however, they 
were standing and moving some of the time and therefore a metabolic rate (MET) of 1.2 was 
used, rather than 1.0 or the value recommended for persons sitting quietly.  
 
Clothing levels were determined using the CLO calculator provided in the ASHRAE tool and 
were assumed to be 0.53 and 0.99 on average summer and winter days, respectively. They 
were also assumed to be identical for all classroom occupants, regardless of age and gender. 
However, on really hot days, a value of 0.40 was used because we assumed that even lighter 
levels of clothing would be worn. 
 
An assessment of the ability of the air conditioners to produce a comfortable environment 
was made on a number of days representative of the Melbourne climate as follows: 
i) When the maximum ambient temperature was close to the summer mean maximum of 
250C (Table 1), because these conditions were likely to occur in early to mid 
afternoon when the relocatables were occupied (see Table 5).  
ii) When the maximum temperature was in the mid-thirties because this indicated the 
performance of the conditioners in hot ambient conditions (see Table 6). 
iii) When the minimum temperature is close to the winter 9am mean, since school started 
at this time. The ambient 9am mean temperature in the three winter months (June, 
July and August) in 1999 was 10.60C (see Table 7). 
 
Table 5 shows the respective classroom temperature and relative humidity at 3pm on 
representative October 1999 day when the maximum outside temperature was 250C, i.e. the 
mean summer maximum, together with the calculated PMV and PPD values for these 
conditions. On the day in question, seven out of the eight air conditioners were in use. No 
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energy was recorded in Room A at Hallam, presumably because the room was not occupied 
on that day. Temperatures in the classrooms ranged from 19.10C to 230C and relative 
humidities ranged from 33% to 59%. Assuming the occupants were dressed for an average 
summer day, the ASHRAE program predicts that seven out of the eight rooms would have 
been too cool and thus outside the ISO comfort zone and therefore "uncomfortable".  
 
Location Temp 
(0C) 
RH 
(%) 
PMV PPD 
(%) 
Sydenham - Room A 22.0 38 -0.61 13 
Sydenham - Room B 23.0 41 -0.29 7 
Roxburgh  - Room A 20.5 59 -0.95 24 
Roxburgh  - Room B 20.0 59 -1.10 31 
Ryrie         - Room A 19.8 36 -1.28 39 
Ryrie         - Room B 19.1 33 -1.51 51 
Hallam      - Room B 20.0 56 -1.12 31 
 
Table 5 Thermal conditions and comfort indicators for seven classrooms on an average 
summer day for greater Melbourne in 1999 
 
Table 6 shows the respective classroom temperature and relative humidity at 3pm on a 
representative hot December 1999 day when the maximum outside temperature exceeded 
350C. As before, the calculated PMV and PPD values for these conditions are presented. The 
results showed that only half of the units were able to meet the ISO standard in hot 
conditions. However, in these "comfortable" classrooms 90% or more of the students would 
have been happy with the conditions. In the classrooms which did not meet the ISO standard, 
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up to 41% of the students would have been dissatisfied, perceiving their environment as too 
hot.   
 
Location Temp 
(0C) 
RH 
(%) 
PMV PPD 
(%) 
Sydenham - Room A 29.0 26 1.22 36 
Sydenham - Room B 29.2 29 1.31 41 
Roxburgh  - Room A 28.4 36 1.12 31 
Roxburgh  - Room B 27.7 37 0.90 22 
Ryrie         - Room A 26.1 41 0.42 9 
Ryrie         - Room B 24.9 47 0.08 5 
Hallam      - Room A 25.9 29 0.27 6 
Hallam      - Room B 25.8 31 0.25 6 
 
Table 6 Thermal conditions and comfort indicators on an average hot summer day in 
greater Melbourne in 1999 
 
Table 7 shows the respective classroom temperature and relative humidity at 10am on two 
cold August 1999 days after the air conditioner was operating for at least one hour. The days 
were similar with 9am temperatures of 9.00 and 11.10C. The results indicated none of the 
units were able to provide comfortable conditions; many of the students would have felt too 
cold and been dissatisfied with the temperature level. 
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Location Temp 
(0C) 
RH 
(%) 
PMV PPD 
(%) 
Sydenham - Room A 16.2 35 -1.37 44 
Sydenham - Room B 18.8 36 -0.83 19 
Roxburgh  - Room A 15.9 23 -1.49 50 
Roxburgh  - Room B 16.2 27 -1.41 46 
Ryrie         - Room A 19.0 23 -0.85 20 
Ryrie         - Room B 18.5 30 -0.92 23 
Hallam      - Room A 15.9 35 -1.44 48 
Hallam      - Room B 17.8 25 -1.08 30 
 
Table 7 Thermal conditions and comfort indicators on two cold winter days in greater 
Melbourne in 1999 
 
Noise Levels 
The noise levels recorded for one air conditioner in each of the four schools are shown in 
Figure 4.  These acoustic graphs illustrate a full octave band analysis and show the sum of the 
linear levels (LL) and the 'A weighted' level (LA), in addition to the linear levels at different 
frequencies. (In teaching spaces in Australian primary schools, the recommended A-weighted 
design sound pressure level (LAeq) is 35 dB(A), while the maximum sound level, i.e., when 
most people in the space start to become dissatisfied, is 45 dB(A). The noise levels in each 
assessed classroom exceeded the level recommended in those relevant standards [4].) Only 
the unit at the Hallam school (48 dBA) came close to the maximum permissible sound level. 
In the Roxburgh, Sydenham and Great Ryrie schools, the measured levels were 51 dBA, 63 
dBA and 65 dBA respectively. 
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Because background noise levels were above the standard, a second set of measurements 
were taken at Hallam with the student noise level included. These measurements are shown 
alongside the background noise level for this school (Figure 9). The difference in the LA 
values between the background and activity (occupied) levels was about 25 dBA. Under 
normal conditions, if a teacher had been speaking at 65 dBA, there would have been a 12 
dBA difference above the background noise level. The Australian Standard [5] recommends a 
difference of 8 dBA for reasonable speech intelligibility. 
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Figure 4 Noise levels recorded in one classroom (background i.e. unoccupied unless 
noted) at each of the four schools in greater Melbourne in 1999 with AC units 
operational 
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Teacher and Student Satisfaction 
To assess "user" satisfaction with the AC units, a simple evaluation form with nine questions 
was prepared and distributed to the relevant teachers in the four schools. The teachers were 
asked to complete the forms in consultation with the students. The questions covered the 
broad issues of the control, noise and comfort levels. Table 8 details the questions asked and 
responses received4. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                          
4 Eight survey forms were received. In some cases, questions were unanswered and therefore the total of the 
numbers in the "YES" and "NO" columns may be less than eight 
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Question Yes Comments No Comment 
1. Is unit easy to turn on/off? 7 "just use the power point" 1 "had to be shown how to operate" 
2. Is it easy to alter the 
temperature? 
4 "only two settings" 3 "needed to consult others" 
"only by turning it on and off" 
"wasn't sure, needed booklet" 
3. Is it easy to tell if the units 
are on? 
8 "you can hear and feel it" 
"because the hum is a bit intrusive" 
0  
4. Is it easy to inadvertently 
leave units on? 
2 "due to general classroom noise" 
"since it is very quiet" 
6 "since you can hear them" 
"because of the big temperature 
drop when you go outside" 
5. Does the unit affect your 
teaching? 
2 "noise can make it difficult to hear the 
children" 
"need to turn off cooler when reading a 
story" 
5 "but it is a little noisy at times" 
 
6. Is the system noisy? 4 "some children are hard to hear" 
"sometimes have to turn the unit off" 
2 "since there are a lot of small 
children in the room" 
"very quiet" 
7. Does the system cause more 
dust in the air? 
0 - 6 "but filter needs cleaning weekly" 
8. Does the unit give you the 
teacher comfort? 
5 - 1  "not as cool as staff room air-
conditioning. Not very efficient 
when outside is above 350C" 
9. Does the unit give the 
students comfort? 
6 "some reported that they feel more 
comfortable quicker" 
"cool in summer and nice and warm in 
winter" 
"keeps the room cool" 
"students commented on how cool it was" 
- - 
 
Table 8 Summary of survey-based staff/student evaluation of AC units (n=8) in study 
relocatables in greater Melbourne in 1999 
 
Discussion 
Collectively the results of the investigation in terms of energy, comfort and noise levels tell 
an interesting but sometimes contradictory story. These elements are discussed below. 
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Energy 
There are two reports, which have documented previous work to measure the energy 
consumption in Victorian primary schools [6] [7]. Unfortunately, a direct comparison of the 
data was not immediately possible because of the differences in end-use and the type of 
energy used, and therefore some manipulation of the data was required. The present study 
determined the energy used to provide heating and cooling, whereas the previous studies 
reported the energy used for heating only. Analysis of the data collected in this study 
indicated that 55-60% of the total energy used by the AC units was for heating. Thus the 
average annual energy use for heating the relocatables was approximately 24 MJ m-2. The 
previous studies [6][7] found that 129 MJ m-2 and 118 MJ m-2 respectively were used for 
space heating permanent classrooms fitted with individual heaters5 i.e. approximately five 
times the energy used in the relocatables. 
 
The AC units in the relocatables used electricity whereas the individual space heaters in the 
permanent classrooms used natural gas. Assuming the average manufacturers’ published 
coefficient of performance of 2.75 for the AC units and a burner efficiency of 0.7 for the 
individual gas heaters, then the AC units delivered 20-27% less energy to the relocatables 
compared to that delivered by the individual gas heaters to the permanent classrooms. Several 
reasons could explain the reduced heating energy requirement of the relocatables. 
 Ventilation levels in the relocatables relied on the opening of windows or the 
operation of the AC units and may have been lower than the levels in the 
permanent classrooms. Only two schools in [6], however, had a forced air supply 
ventilation system and the remainder relied on natural ventilation and therefore 
this explanation is discounted. 
                                                          
5 Most of the individual heaters installed in schools are a domestic type wall furnace using natural gas 
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 Greater passive solar gain occurred in the relocatables because they all were 
orientated with their long axis running East-West and 51% of their north walls 
was glazed, whereas the orientation of the permanent classrooms was likely to 
have been randomly orientated. The current standard for Victorian Education 
Department buildings [8] in Melbourne, however, stipulates that north and south 
facing windows should be sized at 20% and 10% of the floor area respectively, 
whereas they represented 42% of the floor area in the relocatables. Any additional 
passive solar gain in the relocatables was likely to have been offset by the 
additional losses from south facing glazing and therefore this explanation is 
discounted. 
 The internal thermal conditions in the relocatables were inferior to those 
experienced in the permanent classrooms. No thermal comfort information was 
recorded in previous studies [6][7] and so a direct comparison was not possible. 
Table 7 indicates that air temperatures in the relocatables were generally lower 
than most people would consider acceptable, even after one hour of the operation 
of the AC units and therefore this explanation cannot be discounted. 
 The insulation levels of the relocatables were superior to those of the permanent 
classrooms surveyed. The current standard for Victorian Education Department 
buildings [8] in Melbourne stipulates insulation levels of R1.5 for the walls and 
R2.5 for the roof, whereas the relocatables used R2.5 and R4.0 respectively. The 
schools surveyed in [6] and possibly in [7] were almost certainly constructed at a 
time when even lower insulation levels in buildings were acceptable. 
 The relocatables are used less often than the permanent classrooms. While there 
are certainly some days when it was clear that a particular classroom in a 
relocatable was not in use, there was no evidence to suggest that they were used 
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less often than the permanent classrooms. The normal practice is that relocatables 
are used in an identical way to permanent classrooms, with a particular class 
assigned to a particular room for the entire academic year. This explanation is 
therefore discounted. 
 
Most of Victoria’s electricity is generated by burning brown coal. The CO2 emission 
coefficients for electricity (from brown coal) and natural gas are 0.372 kg MJ-1 and 0.06 kg 
MJ-1 respectively. Hence, the calculated emissions for the relocatable and permanent 
classrooms were 8.9 and 7.7 kg CO2 m-2 per annum respectively. Thus, if greenhouse gas 
emissions are considered, then heating the relocatables with AC reverse cycle units generated 
about 16% more CO2 than the permanent classrooms with individual gas heaters. 
 
The AC units were also used to provide space cooling for the relocatables. As previously 
mentioned, schools in the Melbourne area are not normally fitted with a cooling system and 
so a comparison with the cooling energy requirements of permanent classrooms was not 
possible. Any energy use of the AC units in the relocatables in the cooling mode therefore 
represented an additional energy demand and environmental impact. Of the total energy used 
by the ACs, 40-45% was used to provide cooling. Although no data is available to compare 
the temperature levels in any permanent classrooms with those in the relocatables, the survey 
results indicated that the students probably enjoyed an improved level of comfort during 
summer to those in permanent classrooms as a result of this additional energy use. 
 
Comfort 
The responses to the survey were at odds with the results obtained from the PMV-PPD 
comfort model. On the average summer day, the model predicted the conditions in the 
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classrooms were too cool and many occupants would have found the space "uncomfortable". 
This clearly was not the case, otherwise the air conditioning units would not have been 
operating. On the hot day when ambient air temperatures exceed 350C, only half of the AC 
units were able to maintain "comfortable" conditions according to the model, but this was not 
reflected in the survey comments which were mainly positive. The only exception was the 
negative comment from one teacher. Likewise, on cold winter days, according to the ISO 
7730 standard, none of the units were able to achieve comfortable conditions in the 
classrooms by 10am, one hour after being turned on, but the survey responses belied this 
conclusion. Whether these differences resulted from the tolerant nature of the students to their 
environment, the assumptions made, inadequacies of the model or the short-term cross-
sectional nature of the study were not clear.  
 
A sensitivity analysis of some of the assumptions showed overall the predictions cannot be 
made to reflect the sentiments expressed in the survey more closely. Increasing the air 
velocity by 50% increased the percentage of dissatisfaction on the average summer and 
winter days, because the additional air movement enhanced the already-perceived sense of 
being too cold. Assuming this higher level of air movement on the hot day did, however, 
decrease the percentage of dissatisfaction. The units were fitted with more than one fan 
speed, so higher air velocities may have been experienced on the hot days, thus reducing the 
dissatisfaction level in the four classrooms where this occurred. Increasing the MRT from the 
previously assumed value of + 1.50C to + 2.80C,  i.e. the maximum suggested by [3] for a 
well-designed building, increased the level of dissatisfaction on an average winter day shown 
(Table 7) because the students were theoretically already feeling too cold. On the other hand, 
the same magnitude of offset improved the level of satisfaction on the average summer day 
shown (Table 5) because the model predicted students would have felt too cool. However, 
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using the increased level of MRT on the hot day made the level of discomfort worse than 
shown in Table 6.  
 
Noise 
The survey results appeared to support the general conclusion from the measured results - the 
units were too noisy. This meant it was fairly easy to tell whether the units were turned on, 
and conversely it was hard to inadvertently leave the units switched on and thus energy was 
not wasted. Only one unit was perceived to be "very quiet" and not surprisingly this was a 
split system, where the compressor and motor was mounted on the roof. 
 
Conclusions 
Continuous use of the air conditioners was observed for about 10% of the school days and the 
environment in these classrooms was apparently satisfactory for a significant number of 
hours in the school year. The small AC units also offered flexibility for occasional building 
use in out-of-school hours. There were several occasions when the relocatables were used for 
night or weekend meetings. The results also supported the argument that teachers can operate 
the units efficiently; there were few instances when the air conditioners were apparently left 
operating overnight. 
 
The predicted comfort levels in the relocatables, however, generally did not agree well with 
the comments made by staff and students, and further investigation using different comfort 
models is warranted. The units appeared unable to provide comfortable conditions on either 
cold or really hot days. Furthermore, the units were perceived to be noisy, and the measured 
values of LA and LL exceeded recommended levels for Australian schools. 
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The energy required for heating the classrooms in the relocatables with AC units was 20-27% 
less the figures reported previously for permanent classrooms fitted with individual gas 
heaters. The reasons for this could not be identified with certainty, but a combination of 
superior insulation levels and reduced comfort levels in the relocatables were the most likely 
explanations. Although the AC units used less energy to provide heating, they produced 16% 
greater carbon dioxide emissions in this mode than individual gas heaters because of the high 
emission coefficient associated with the generation of electricity in Victoria. At a time when 
most governments, including Victoria, are implementing policies to reduce greenhouse gas 
emissions, the use of air conditioners in relocatables for heating alone is therefore unjustified.  
 
The AC units were, however, also able to provide cooling for the relocatables. Cooling is not 
provided in permanent classrooms in Melbourne, so the energy use and carbon dioxide 
emissions from the AC units in the cooling mode represented both an increased resource use 
and environmental load. However, the comments from students indicated that the provision 
of space cooling was appreciated.  
 
In the light of the findings of this study, further investigation is to be undertaken to increase 
the comfort levels and reduce energy consumption of relocatables. It is anticipated that this 
will be achieved by improving the basic design of the structure, through increased daylight 
integration, reduced glazing area, improved shading and natural ventilation. 
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